Doublecortin-like kinase 1 (DCLK1) is a serine/threonine-kinase with two doublecortin (DCX) domains. DCLK1 is associated with microtubules via DCX domains and regulates microtubule polymerization. DCLK1 is known to be expressed in cancer stem cells and provides cancer cells with tumor-initiating capacity. Accumulating clinical evidence supports that DCLK1 is associated with tumor aggressiveness and is an important prognostic marker in various human cancers. However, the mechanism, by which DCLK1 causes oncogenesis, is not yet elucidated. In this study, we showed that DCLK1 empowers human mammary epithelial MCF10A cells to form spheres under floating condition in serum-free medium, which are reminiscent of mammospheres formed by mammary epithelial stem cells. We demonstrated that DCLK1 causes chromatin instability in MCF10A cells. DCLK1 impairs DNA repairs in human colon cancer HCT116 and lung cancer H1299 cells. The kinase-negative DCLK1 mutant and the mutant that is not associated with microtubules compromise DNA repair. In conclusion, DCLK1 interferes with DNA repair and induces tumorigenesis through genomic instability and this function is independent of the kinase activity and the regulation of microtubules.
Introduction
Doublecortin-like kinase 1 (DCLK1) was initially characterized as a kinase that has two DCX domains, which characterize doublecortin, a product of the causative gene of X-linked lissencephaly [1] [2] [3] [4] [5] [6] [7] [8] . DCLK1 interacts with microtubules and stimulates polymerization of tubulins by using tandem DCX domains [9] . DCLK1 is highly expressed in brain and its temporal and spatial expression pattern is similar to that of doublecortin. Hence, it is proposed that DCLK1, like doublecortin, is involved in neuronal migration, axon transport, synapse maturation, and brain development [10] [11] [12] [13] . DCLK1 is also expressed in non-neuronal tissues. DCLK1 was first regarded as a marker of quiescent gastrointestinal stem cells [14] . Later DCLK1 was detected in not only intestinal stem cells but also in postmitotic tuft cells and pancreatic stem cells [15] [16] [17] . DCLK1 is implicated in tissue repair and in DNA damage response [18] . Dclk1 depletion in mouse tuft cells impairs tissue repair, suggesting that DCLK1 plays a role in the regulation of stem cells. On the other hand, experiments using transgenic and knockin mice revealed that DCLK1-expressing cells behave as cancer-initiating cells and that DCLK1 characterizes cancer stem cells in colon [19] . Pancreatic progenitor cells expressing DCLK1 generate cancerinitiating cells [20, 21] . Thus, DCLK1 is reasoned to play an important role in oncogenesis, but the underlying mechanism is not clear. In this study, we have revealed that DCLK1 compromises DNA repairs and causes chromatin instability, a hallmark of cancer.
Materials and methods

DNA constructions and virus productions
pCIneoEGFP was generated by ligating NheI/EcoRI fragment from pEGFPC2 into pCIneo (Promega). pLL3.7-ires-blast was described https://doi.org/10.1016/j.bbrep.2018. 10 .014 Received 17 August 2018; Received in revised form 17 October 2018; Accepted 21 October 2018 previously [22] and blasticidin resistance gene was replaced with puromycin resistance gene to generate pLL3.7-ires-puro. Human DCLK1 cDNA was obtained by PCR on human kidney and lung libraries with the primers (5′-agctagcgaattcatgtccttcggcagagacatgg-3′ and 5′-agtcgactcacatcctggttgcgtcttcgtcgga-3′). PCR product was ligated into EcoRI/SalI sites of pCIneoEGFP to generate pCIneoEGFP-DCLK1. NheI/Sall fragment from pCIneoEGFP-DCLK1 was ligated into NheI/XhoI sites of pLL3.7-ires-puro to generate pLL3.7-EGFP-DCLK1-ires-puro. The kinase dead mutant of DCLK1 (DCLK1 K419R) was prepared by PCR using the primers (5′ agtatgctctgagaattatcaagaaaagcaaatgt-3′ and 5′-ttcttgataattctcagagcatactctctagcagt-3′). DCLK1 R63L R192C was generated by using PrimeSTAR Mutagenesis Basal Kit (Takara Bio. Inc., Kusatsu, Japan) with the primers (5′-gttcgtttctatctaaacggagatcgatacttcaa-3′ and 5′-tcgatctccgtttagatagaaacgaactttcttgg-3′ for R63C, and 5′-gtcaccatcatctgtagtggcgtgaagccacggaa-3′ and 5′-cttcacgccactacagatgatggtgaccagcttgg-3′ for R192C).
Antibodies and reagents
The antibodies and reagents were obtained from commercial sources: mouse anti-γH2A.X (Ser139) (clone JBW301) (05-636) (Merck Millipore, Burlington, MA, USA); human recombinant epidermal growth factor (EGF) (059-07873), human recombinant insulin (099-06473), basic fibroblast growth factor (bFGF) (062-06661), hydrocortisone (082-02481), methyl cellulose 400 (132-05055), and anti-DYKDDDDK-tag beads (016-22784) (Wako Pure Chemical Industries, Ltd., Osaka, Japan); mouse anti-E-cadherin (clone 36/Ecadherin) (610181), and mouse anti-N-cadherin (clone 32/N-cadherin) (610921), (BD Biosciences, San Jose, CA, USA); rabbit anti-CD44 (15675-1-AP) (Proteintech, Chicago, IL, USA); rabbit anti-Myc (562), and rabbit anti-β-actin (PM053) (Medical & Biological Laboratories Co., Ltd., Nagoya, Japan); etoposide (VP-16) (E0675) (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan); mouse anti-vimentin (clone V9) (sc-6260) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA); rabbit anti-CTGF (ab6992) (Abcam, Cambridge, UK); rabbit anti-WWTR1 (HPA007415), hexadimethrine bromide (H9268), and Hoechst33342 (14533) (Sigma-Aldrich, St. Louis, MO, USA); mouse anti-p53 (DO-1) (NCL-p53-DO1) (Leica Biosystems, Wetzlar, Germany); peroxidaseconjugated goat anti-mouse (55550) and anti-rabbit (55685) secondary antibodies (MP Biomedicals, Santa Ana, CA, USA); Alexa Fluor ® 568 goat anti-mouse IgG (A-11031), puromycin (A1113803), 4′,6-diamidino-2-phenylindole (DAPI), and KaryoMAX™ Colcemid™ Solution (Thermo Fisher Scientific, Waltham, MA, USA).
Cell cultures and transfection
HEK293FT, HCT116, and H1299 cells were cultured in Dulbecco's Modified Eagle Medium (4.5 g/l glucose) (nacalai tesque, Tokyo, Japan) containing 10% (v/v) fetal bovine serum (FBS) and 10 mM HEPES-NaOH pH 7.4 under 5% CO 2 at 37°C. MCF10A cells were cultured in MCF10A medium-DMEM/F12 (ThermoFischer Scientific) containing 5% horse serum, 10 mM HEPES-NaOH pH 7.4, 20 ng/ml EGF, 10 μg/ml insulin, and 0.5 μg/ml hydrocortisone. DNA transfection was performed using Lipofectamine 2000 (ThermoFisher Scientific) and polyethylenimine "Max" (Polysciences, Warrington, PA, USA). pLL3.7-puro EGFP-DCLK1 and pLL3.7-puro EGFP-DCLK1 K419R were cotransfected with pVSVG, pRRE, and pRSV-REV into HEK293FT cells to generate lentivirus vectors. MCF10A cells were infected with the vectors using 10 μg/ml hexadimethrine bromide and were selected with 1 μg/ml puromycin to generate MCF10A cells expressing GFP-DCLK1 or GFP-DCLK1-K419R (MCF10A-GFP-DCLK1 and MCF10A-GFP-DCLK1-KN cells).
Sphere formation assay
MCF10A cells were plated in 300 cells/well in 96-well Nunclon™ Sphera™ Microplates (Thermo Fisher Scientific) and cultured for 7 days in serum-free DMEM/F12 containing 10 ng/ml bFGF, 20 ng/ml EGF, 5 μg/ml insulin, and 1% (w/v) methylcellulose.
Cell proliferation assay and soft-agar colony formation assay
× 10
5 MCF10A cells were plated in a 6-cm dish. The number of cells was determined by counting cells with a haemocytometer. For soft-agar colony assay, agarose was added to MCF10A medium to a final concentration of 0.5% (w/v). 1 ml of the mixture was plated in one well of a 6-well plate and kept for 1 h until agarose became solidified. Then 1 ml of MCF10A medium containing 3 × 10 4 cells and 0.3% (w/v) agarose was overlaid. 0.5 ml MCF10A medium was further overlaid and cultured for 2 weeks.
Immunoblotting
Immunoblottings were performed by using peroxidase-conjugated secondary antibodies, ClearTrans Ⓡ nitrocellulose membrane, 0.2 µm (Wako Pure Chemical Industries, Ltd.), Amersham™ ECL™ Western Blotting Detection Reagents (GE Healthcare, Chicago, IL, USA), ChemiLumi One Ultra (nacalai tesque, Tokyo, Japan), and FUJI MEDICAL X-RAY FILM, Super RX (Fujifilm, Tokyo, Japan).
Immunofluorescence staining
Cells were plated on cover glasses (C018001) (Matsunami-Glass, Osaka, Japan). The cells were rinsed with PBS, fixed with ice-cold methanol at − 30°C for 10 min, incubated with PBS containing 5% (w/ v) BSA at room temperature for 1 h, and then incubated with PBS containing appropriate antibodies and 5% (w/v) BSA.
quantitative-RT-PCR (qRT-PCR)
qRT-PCR analysis was performed using SYBR Green (Roche) and ABI7500 Real-Time PCR system (Applied Biosystems). The used primers are as follows; 5′-acaagctgagcaagattcagacc-3′ and 5′-tccagaccgagaaggcgtag-3′ for TWIST1; 5′-cactatgccgcgctctttcc-3′ and 5′-gtcgtagggctgctggaag-3′ for SNAI1; 5′-gcctccaaaaagccaaactacag-3′ and 5′-acagtgatggggctgtatgc-3′ for SNAI2; 5′-aggatgacctgccaacagac-3′ and 5′-ggatttcttgcccttccttt-3′ for ZEB1; 5′-gggagaattgcttgatggagc-3′ and 5′-tctcgcccgagtgaagctt-3′ for ZEB2; 5′-ggcagaccagcatgacagatt-3′ and 5′-gcggattagggcttcctctt-3′ for p21; 5′-gacctcaacgcacagtacga-3′ and 5′-gagattgtacaggaccctcca-3′ for PUMA; 5′-atgttttctgacggcaacttc-3′ and 5′-atcagttccggcaccttg-3′ for BAX, 5′-gcgagcagaggcttaaggt-3′ and 5′-gggaaaccagtggtgtttgta-3′ for BTG2; 5′-acctcacagattccagcttcg-3′ and 5′-tttcatagtataagtgtcttttt-3′ for MDM2; and 5′-ccactcctccacctttgac-3′ and 5′-accctgttgctgtagcca-3′ for GAPDH.
Single cell karyotyping
Cells were treated with 0.1 μg/ml colcemid for 3 h at 37°C. The cells were incubated with 2.5 g/l trypsin/1 mM EDTA (nacalai tesque), resuspended in pre-warmed 75 mM KCl, rotated for 10 min at room temperature and fixed in methanol-acetic acid (3:1). The fixed cell suspension was dropped onto slides, air-dried, and stained by 0.1 μg/ml DAPI in 2xSSC. Chromosomes were observed with Keyence BZ-X700 (Keyence Cooperation, Osaka, Japan). The number of chromosomes was counted in 30 metaphase cells.
Statistical analysis
Statistical analyses were performed with student's t-test for the comparison between two samples and analysis of variance with Dunnett's test for the multiple comparison using R.
Results
DCLK1 induces the sphere formation of MCF10A cells in the floating condition
To dissect the mechanism that links DCLK1 to oncogenesis, we evaluated the effect of DCLK1 on cell proliferation in MCF10A cells. DCLK1-expressing cells (MCF10A-DCLK1) more rapidly grew than parent cells (Fig. 1A, open rectangles and circles) . During the experiments, we noticed that MCF10A-DCLK1 cells did not attach tightly to plates. It was previously reported that anoikis-resistant mouse colon epithelial cells express DCLK1 [23] . To confirm this observation in MCF10A cells, we performed a soft-agar colony formation assay. MCF10A-DCLK1 cells formed colonies, while parent cells did not (Fig. 1B) . Tumor-initiating cells are operationally defined as cells that raise tumors when xenografted in immunocompromised mice. This in vivo transplantation assay is complemented by an in vitro sphereforming assay, in which cells are tested to form colonies in a serum-free medium containing defined growth factors under non-adherent culture condition. Transcriptional co-activator with PDZ-binding motif (TAZ) confers stemness to breast cancer cells [24] . We previously reported that MCF10A cells expressing the active TAZ survive and form spheres under non-adherent culture condition in the serum-free medium containing bFGF, EGF, and insulin [25] . As DCLK1 is related to cancer stemness, we suspected that DCLK1 shows a similar effect in MCF10A cells. We, therefore, prepared four independent clones of MCF10A cells expressing DCLK1 and DCLK1 K419, a kinase-negative mutant, at various levels (Fig. 1C) . Interestingly, DCLK1 K419 expression was higher than active DCLK1. We cultured these cells in an ultra-low attachment plate. The cells expressing DCLK1 formed spheres (Fig. 1D) . There was no significant difference among the clones. For instance, even the clone with a very low expression of DCLK1 (#1) formed spheres. MCF10A cells expressing DCLK1 K419R proliferated with the same speed as MCF10A-DCLK1 cells (Fig. 1A, open triangles) and also formed colonies in soft agars and spheres under the floating condition (Fig. 1B  and D) .
DCLK1 causes chromatin instability in MCF10A cells
The implication of DCLK1 in malignancy is widely discussed [26] . DCLK1 regulates the expression of MYC, KRAS, and NOTCH via microRNAs [27] . DCLK1 regulates the expression of stem cell markers such as SOX2, OCT4, NANOG, and KLF4 [27] . DCLK1 induces epithelial mesenchymal transition (EMT) through microRNAs and activates phosphatidyl inositol 3 kinase (PI3K)/AKT/NF-κB axis [28] [29] [30] . Based on these reports, we examined the effect of DCLK1 on EMT and MYC expression in MCF10A cells. E-cadherin expression was lost in MCF10A-DCLK1 and -DCLK1 K419R cells, which is consistent with the previous report that DCLK1 induces EMT ( Fig. 2A) . Likewise, as reported, MYC expression was increased. However, we also obtained findings that were inconsistent with preceding reports. N-cadherin and vimentin were expressed even in parent MCF10A cells. DCLK1 slightly increased N-cadherin expression but had no effect on vimentin expression. Moreover, fibronectin expression was reduced. These findings indicate that DCLK1 does not induce typical EMT in MCF10A cells. Consistently, in qRT-PCR, although ZEB1 was increased, SNAI1 or ZEB2 was not changed, and TWIST1 and SNAI2 were paradoxically reduced (Fig. 2B) . As TAZ and DCLK1 induce sphere formation in a similar manner, we immunoblotted TAZ (Fig. 2A) . TAZ expression was enhanced in MCF10A-DCLK1 and -DCLK1 K419R cells. Nevertheless, CTGF and CD44, the products of TAZ target genes, were suppressed by DCLK1. More surprisingly, p53 expression was remarkably increased in MCF10A-DCLK1 and -DCLK1-K419R cells. Despite the high expression of p53, PUMA, BAX, and BTG2 were not enhanced, while on the other hand, P21 and MDM2 were significantly decreased (Fig. 2C) . Based on these findings, we suspected that transcriptional networks regulated by TAZ or p53 may be devastatingly altered in MCF10A-DCLK1 cells. Accordingly, in the karyotype analysis, we found that MCF10A-DCLK1 and -DCLK1 K419R cells harbor more than 46 chromosomes and exhibit abnormal chromosomes (Fig. 2D) . We could not find any significant difference among the clones in this experiment, either. Hence, we consider that DCLK1 causes catastrophic chromosome aberrations and that TAZ or p53 fails to regulate their target genes in MCF10A cells expressing DCLK1.
DCLK1 compromises DNA repair
The generation of chromosome rearrangements requires production of DNA double-strand breaks and their rejoining. Thereby, we hypothesized that DCLK1 affects the repair of DNA double-strand breaks. To test this assumption, we transiently expressed GFP-DCLK1 in HCT116 cells and exposed the cells to VP-16 for 3 h. In cells without GFP-DCLK1, γH2A.X disappeared within 8 h after VP-16 removal, while γH2A.X remained at 24 h in DCLK1-expressing cells (Fig. 3A, arrowheads) . We also expressed DCLK1 in H1299 cells and observed a similar delay in DNA repair in DCLK1-expressing H1299 cells (Fig. 3B, arrowheads) .
DCLK1 mutants also compromise DNA repair
Kinase activity and regulation of microtubules polymerization are two well-characterized functions of DCLK1. We next raised questions whether and how these properties are relevant to the effect of DCLK1 on DNA repair. We expressed GFP-DCLK1 K419R in human colon cancer HCT116 cells. This mutant delayed the disappearance of γH2A.X (Fig. 4A, arrowheads) . We next prepared another DCLK1 mutant, in which arginine 63 (R63) and arginine 192 (R192) are mutated to leucine and cysteine, respectively. These arginine residues are conserved in DCX domains [7] . R63 corresponds to R59 in the first DCX domain of doublecortin and is important in the regulation of microtubules [31] . R192 is located at the same position in the second DCX domain. γH2A.X remained detectable in HCT116 cells expressing GFP-DCLK1 R63L R192C at 24 h (Fig. 4B, arrowheads) . We also expressed GFP-DCLK1 K419R and GFP-DCLK1 R63L R192C in H1299 cells and obtained similar results (data not shown).
Discussion
DCLK1 was first studied in the field of neurobiology. Since the detection as a marker in cancer stem cells, DCLK1 has attracted attention of researchers from the field of oncology. Accumulating evidence indicates that DCLK1 expression is associated with advanced cancer stages and poor clinical prognosis [32] . Hence, whether or not DCLK1 directly drives cancers, DCLK1 is regarded as a critical biomarker in cancers. DCLK1 induces EMT and angiogenesis [27] . DCLK1 activates AKT and NF-κB [30] . DCLK1 increases the expression of KRAS, MYC, and NOTCH [27] . All these properties may contribute to caner malignancy.
We expressed DCLK1 in immortalized human mammary epithelial MCF10A cells and characterized the properties of the cells expressing DCLK1. DCLK1 promotes cell proliferation and anchorage-independent growth (Fig. 1) . DCLK1 enables MCF10A cells to form spheres in floating cultures, which are similar to mammospheres formed by mammary epithelial stem cells (Fig. 1) . These findings are consistent with the notion that DCLK1 confers malignant properties to cancers. DCLK1 suppresses E-cadherin expression and slightly increases N-cadherin expression, which suggests that DCLK1 induces EMT in MCF10A cells ( Fig. 2A) . However, not all EMT markers are up-regulated by DCLK1 ( Fig. 2A and B) . Interestingly, although p53 expression is remarkably enhanced by DCLK1, p53 target genes including MDM2 are not up-regulated (Fig. 2C) . As MCF10A-DCLK1 cells do not exhibit cell cycle arrest and apoptosis, this observation is reasonable and the suppression of MDM2 may contribute to the high expression of p53. We also observed that products of TAZ target genes are not enhanced despite the high expression of TAZ. These findings suggest that the transcriptional landscape is robustly changed in MCF10A-DCLK1 cells. Accordingly, we found that DCLK1 causes chromosome rearrangements in MCF10A cells. In this study, we used independent clones of MCF10A cells expressing DCLK1 at different levels (Fig. 1C) . All the clones similarly formed spheres and exhibited karyotype abnormalities (Figs. 1D  and 2B ). It suggests that the slight increase of DCLK1 expression is sufficient to induce chromosomal alterations.
Chromatin rearrangements are preceded by DNA double-strand breaks rejoining. Thus, we suspected that DCLK1 interferes with DNA repair of DNA double-strand breaks and indeed found that DCLK1 impairs DNA repair (Fig. 3) . The study using intestinal epithelial-specific Dclk1-depelted mice demonstrated that Dclk1 plays a role in ataxia telangiectasia-mutated (ATM)-mediated DNA damage response after irradiation [18] . DCLK1 interacts with ATM after DNA damage [18] . In Dclk1-depleted cells, the components of DNA repair machinery such as ATM, Brca1, Rad50, and Mre11 are reduced after irradiation [18] . Consistently, Dclk1 depletion reduces γH2A.X and Dclk1 expression increases γH2A.X. Dclk1-expressig cells have less DNA damage after irradiation [18] . That is, Dclk1 contributes to genome integrity in Fig. 2 . MCF10A cells expressing DCLK1 harbor abnormal chromosomes. A: Whole cell lysates (60 μg of total protein) of parent MCF10A, MCF10A-DCLK1 and MCF10A-DCLK1-K419R cells were immunoblotted by the indicated antibodies. B and C: cDNAs were prepared from parent MCF10A and MCF10A-DCLK1 cells and qRT-PCR was performed for indicated genes. The data were normalized against GAPDH and are shown as mean +/-SD. n.s., not significant; * *, p < 0.01. D: The karyotype analysis was performed for each clone as described in Materials and Methods. The representative images were shown on the left. Insets demonstrate the demarcated areas at higher magnification. Box-whisker plot shows median, interquartile range, and minimum and maximum value. n.s., not significant; * *, p < 0.01. intestinal stem cells. We have also observed that DCLK1 enhances γH2A.X. Nevertheless, the final consequence is opposite. DCLK1 impairs DNA repair in cancer cells and causes chromatin instability in immortalized MCF10A cells. This discrepancy may be explained by the difference between normal stem cells that have a superior capacity to correctly respond to DNA damage [33] and cancer cells that may have additional defects in DNA repair machinery. The expression level of DCLK1 may also be important. Appropriate amount of DCLK1 is essential for DNA repair, but the excessive expression may be deleterious. Further studies to dissect the role of DCLK1 in DNA repair are awaiting.
Mutations detected in human cancers are mapped in the kinase domain and are speculated to reduce the kinase activity and eventually affect the regulation of microtubules [34] . In this study, we have found that DCLK1 K419R (a kinase-negative mutant) and DCLK1 R63L R192C (a putative microtubule association-deficient mutant) impair DNA Fig. 3 . DCLK1 compromises DNA repair in human colon cancer HCT116 and human lung cancer H1299 cells. The experimental design is demonstrated on the top in A. HCT116 (A) or H1299 (B) cells were transfected with pCIneoEGFP-DCLK1. 24 h later, the cells were exposed to 20 μM VP-16 for 3 h and then VP-16 was washed out. Cells were fixed and γH2A.X was immunostained. γH2A.X remained in cells expressing GFP-DCLK1 at 24 h after VP-16 removal (arrowheads), while γH2A.X was undetectable in cells without GFP-DCLK1. 100 cells for each sample were observed and the ratios of γH2A.X-positive cells were calculated. Experiments were repeated three times. Bar graphs show mean +/-SD. n.s., not significant; * *, p < 0.01. repair (Fig. 4) . DCLK1 expression is higher in MCF10A-DCLK1-K419R cells than in MCF10A-DCLK1-WT cells (Fig. 1C) . Therefore, we cannot completely exclude the possibility that the kinase-active DCLK1 more efficiently induces sphere formation and chromatin abnormalities than the kinase-negative DCLK1. Nevertheless, the finding that DCLK1 K419R promotes cell proliferation and soft-agar colony formation and induces sphere formation (Fig. 1) supports that DCLK1 leads to oncogenesis independently of the kinase activity. The association of DCLK1 with microtubules is also unlikely to be required. It is not clear why DCLK1 K419R is more highly expressed than DCLK1-WT in stable transformant cells. We speculate that kinase-active DCLK1 has deleterious effects and that cells cannot tolerate high expression of DCLK1-WT. Thus, we may observe only the cells moderately expressing DCLK1-WT after the selection.
As DCLK1 causes chromatin instability, fusion genes can be generated by chromatin rearrangement in cancer cells expressing DCLK1. Such genes may drive cancers. It will be intriguing to perform exome sequencing in cancers with high expression of DCLK1.
